ABSTRACT This study evaluated the effectiveness of bacteriophage treatment for reducing Salmonella attachment and biofilms on hard surfaces. Bacteriophages (n = 6) were selected for bacteriophage treatment based on host ranges against Salmonella isolates (n = 10) obtained from rendering plants. The effectiveness of bacteriophage treatment (10 4 -10 8 PFU/mL) was initially evaluated against strong Salmonella biofilm formers in 96-well microplate. Then, the bacteriophage treatment (10 9 PFU/mL) was applied for 7 d to reduce Salmonella attached to the stainless steel surfaces under laboratory and greenhouse conditions. The inhibition of biofilm formation and reduction of pre-formed biofilm in 96-well microplate with bacteriophage treatment reached up to 90 and 66%, respectively. Under laboratory conditions, bacteriophage treatment reduced up to 2.9 and 3.0 log CFU/cm 2 of attachment and slightly formed biofilm of selected top 10 Salmonella strains and an avirulent Salmonella Typhimurium strain 8243, respectively, as compared with reductions of 3.4, 1.4, and 3.0 log CFU/cm 2 of S. Typhimurium strain 8243 in summer, fall/winter, and spring seasons under greenhouse conditions, respectively. Clearly, bacteriophages were effective on reducing Salmonella attachment and biofilms formed on hard surfaces under both laboratory and greenhouse conditions. The use of bacteriophages on hard surfaces may have merits in reducing the likelihood of finished rendered products being recontaminated with Salmonella in rendering plants.
INTRODUCTION
The rendering process serves as invaluable means for disposing of inedible animal by-products. In the United States, there are about 300 rendering plants processing over 54 billion pounds of animal by-products and producing approximately 11.2 billion pounds of animal proteins and 10.9 billion pounds of rendered fats per year, which have a combined value of approximately 6 billion dollars (Meeker and Hamilton, 2006) . However, the rendered animal by-products may be contaminated with Salmonella spp. within the rendering processing plant. The detection of Salmonella in the finished animal byproducts indicates either a very low population of the Salmonella survives the heat processing or that the presence of Salmonella contamination is a result of postprocessing contamination (Kinley, 2009; Jiang, 2016) . The heat treatment used during the rendering process far exceeds the heat tolerance threshold of most nonspore-forming bacterial species, so cross-contamination from the environment and/or from the incoming raw C 2017 Poultry Science Association Inc. Received July 7, 2016. Accepted December 6, 2016. 1 Corresponding author: xiuping@clemson.edu material are the potential sources of Salmonella contamination (Kinley, 2009) . Research has demonstrated that the raw material coming into the rendering plant is highly contaminated with microorganisms including pathogenic Salmonella (Orthoefer et al., 1968; Gong and Jiang, 2016) .
Studies have also demonstrated that pathogenic bacteria such as Salmonella can persist in processing environment and on the surfaces of food processing equipment for extended period of time, and be transferred into the food products upon contact (Bensink, 1979; Nesse et al., 2005) . In the processing environments, Salmonella is likely to switch from free-living planktonic cells to biofilm former when they attach to a moisture surface. Although Salmonella serovars may possess varied biofilm forming ability due to the differences in the flagella or fimbriae, Salmonella is able to form biofilms at a high density of > 5 log CFU/cm 2 on the surfaces of various materials such as stainless steel, plastic, rubber, glass, and stone (Joseph et al., 2001; Prouty and Gunn, 2003; Chia et al., 2009; Rodrigues et al., 2011) . Regular cleaning procedures such as washing followed by sanitizing with commonly used disinfectants are not able to eliminate the pre-formed biofilm (Joseph et al., 2001; Rodrigues et al., 2011) . In a dry environment, biofilms formed by some strains of Salmonella may stay alive up to 6 months (Iibuchi et al., 2010) ; thus the biofilm could become a source of cross-contamination for finished animal meals.
Bacteriophages have been used for controlling pathogens in both medical and food industrial settings for more than 70 years due to their high specificity of bacterial lysis and ubiquity in the natural environment (Fu et al., 2010) . Bacteriophage treatment has been successfully applied for reducing pathogens in live animals (Sheng et al., 2006) and foods (Whichard et al., 2003; Pao et al., 2004) . In recent years, bacteriophage treatment has been considered as a novel biological method to control bacterial biofilms due to their ability of degrading exopolysaccharide via enzymatic activity of depolymerase on the bacteriophage baseplate (Fu et al., 2010) . In several studies, bacteriophage treatment was demonstrated to have high efficiency on reducing bacterial biofilms on various surfaces formed by Salmonella, Pseudomonas aeruginosa, Listeria monocytogenes and Escherichia coli (McLaughlin, 2007; Knezevic and Petrovic, 2008; Ahn et al., 2013; Chandra et al., 2015) . Therefore, the objective of this study was to apply a mixture of bacteriophages to reduce the Salmonella attachment/biofilm formed on stainless steel surface, which is commonly used in food and rendering industries.
MATERIALS AND METHODS

Bacterial Cultures and Bacteriophage Preparation
Salmonella isolates (n = 10) were selected from a previous study conducted in rendering plants (Gong and Jiang, 2016) . These bacterial isolates were grown overnight in tryptic soy broth (TSB; Becton Dickinson, Sparks, MD) at 37
• C with shaking. Bacterial cells were collected by centrifugation at 5,000 × g for 10 min, washed in 0.85% (w/v) sterile saline, and adjusted to an optical density (OD) of 0.5 at a wavelength of 600 nm (ca. 10 9 CFU/mL).
Salmonella-specific bacteriophages isolated from various sources were selected for this study based on host ranges of bacteriophages against above 10 Salmonella isolates. Host range determination was performed using a soft agar overlay method (Gong and Jiang, 2015) . Briefly, 3 mL of 0.6% melted agar (Becton Dickinson, Sparks, MD) containing a Salmonella overnight culture at a concentration of 10 7 CFU/mL was overlaid onto a tryptic soy agar (TSA; Becton Dickinson, Sparks, MD) plate. After the overlaid agar plate solidified, a 10-μL drop of bacteriophage suspension was spotted onto the surface. After an overnight incubation at 37
• C, the bacteriophage plaques were recorded as +++, confluent lysis; ++, semi-confluent lysis; +, individual plaques; -, no plaque; representing lytic activity from highest to none (Heringa et al., 2010; Hooton et al., 2011) . Due to the broad host ranges, six bacteriophage strains JC1, S5p2, 29, 52, 1 PB and VCA1 were selected for bacteriophage treatment of Salmonella in the following experiments (Table 1) . Bacteriophage stock solutions were prepared according to Heringa et al. (2010) . Prior to each experiment, bacteriophage stocks were incubated for 30 min to reduce clumping and then diluted to the desired concentrations using sodium magnesium (SM) buffer [100 mmol/L NaCl, 8 mmol/L MgSO 4 r 7H 2 O, 50 mmol/L Tris-HCl (pH 7.5)]. Bacteriophage titers were determined by the double agar layer plaque assay according to Heringa et al. (2010) . The bacteriophage cocktail consisted of equal amounts of bacteriophages at a final titer of 1 × 10 4 , 10 5 , 10 6 , 10 7 10 8 or 10 9 PFU/mL for following studies.
Transmission Electron Microscopy (TEM)
Bacteriophage strains JC1 and S5p2 have been characterized in previous studies (Kinley, 2009; Heringa et al., 2010) , whereas bacteriophage strains 29, 52, 1 PB and VCA1 were characterized using TEM in this study (Figure 1 ). Briefly, a 5 μL drop of bacteriophage suspension (> 10 9 PFU/mL) was pipetted onto the surface of a copper grid (400 mesh, EMS, Hatfield, PA) and incubated for 1 min at room temperature, and was then drawn off with filter paper. The copper grids were stained for 60 sec with 5 μL of 2% uranyl acetate (UA; EMS, PA) and air-dried overnight. A Hitachi H-7600 electron microscope (Hitachi, Tokyo, Japan) was used at 120-keV accelerating voltage to observe the morphology of bacteriophages on the grids. Bacteriophage size was calculated by scale bar in each image ( Figure 1 and Table 2 ).
Phage Treatment of Salmonella Biofilms Formed in 96-Well Microplate
A colorimetric method using 96-well microplate (Costar R , Corning Inc., Corning, NY) was used to quantitatively determine the effectiveness of bacteriophage treatment on inhibiting biofilm formation and reducing pre-formed biofilm of Salmonella. Overnight culture of each selected Salmonella isolate was prepared as described above. In each well of 96-well microplate, a bacterial mixture of 5 or 10 selected Salmonella isolates was inoculated into 20% TSB at a final concentration of 10 4 CFU/mL. For inhibiting biofilm formation experiment, Salmonella-specific bacteriophage cocktail was added into the bacterial mixtures at a final titer of 10 4 , 10 5 , or 10 6 PFU/mL followed by a static incubation at 30
• C for 48 h. For reducing pre-formed biofilm experiment, Salmonella was initially incubated at the same conditions as described above for 48 h to allow biofilm formation, and then followed by bacteriophage treatment for 6 h at a final titer of 10 5 , 10 6 , 10 7 , or 10 8 PFU/mL. SM buffer was used as control. After bacteriophage treatment, each well was rinsed with sterile distilled water for 5 times and allowed to air-dry. Bacteriophage treated biofilms in each well was stained with 1% crystal violet solution (Becton Dickinson, Sparks, MD) at 22
• C for 45 min followed by an elution with 95% ethanol, and then measured by a spectrometer (μQuant; BioTek, Winooski, VT) at a wavelength of 600 nm. The percentage of biofilm reductions was calculated as following: Biofilm Reduction% = (OD Control -OD Treatment ) ÷ OD Control × 100%.
Phage Treatment of Salmonella Attached to Stainless Steel Surface under Laboratory and Greenhouse Conditions
Raw ground chicken meat (ca. 1,000 g containing 50% saline, w/v) was artificially inoculated with a bacterial mixture of 10 selected Salmonella isolates for laboratory study or an avirulent Salmonella Typhimurium strain 8243 (kindly provided by Dr. Roy Curtis III, Washington University, St. Louis, MO) for greenhouse study at a concentration of ca. 10 8 CFU/g, and evenly spread onto the surface of four sterile stainless steel trays (50 cm × 20 cm) using a sterile tongue depressor (Fisherbrand TM , Pittsburgh, PA). After 6 h of attachment under laboratory (Temperature 23 ± 0.5
• C; Relative humidity 48 ± 3%) or greenhouse (summer, fall/winter and spring seasons) conditions, chicken meat was washed off using 200 mL of 0.85% (w/v) saline for 5 times. A 50 mL of the bacteriophage cocktail with a titer of 10 9 PFU/mL was sprayed onto the surface of two stainless steel trays on which Salmonella attached or formed biofilm slightly. The same volume of SM buffer was sprayed onto other two stainless steel trays as control. At 6 h and d 2, 4 and 7, the surfaces were first rinsed using 0.85% (w/v) saline to remove planktonic cells. The populations of attached Salmonella and slightly formed biofilm within an area of 10 × 10 cm were sampled using sterile cotton swabs (Puritan R Medical Products LLC., Guilford, ME) and transferred into 10 mL of 0.85% (w/v) saline. Duplicate samples were obtained from both treatment and control groups. Samples were centrifuged at 5,000 × g for 10 min and supernatants were poured off to separate residual bacteriophages. Bacterial pellets were resuspended in 0.85% (w/v) saline and spread-plated onto XLT-4 plates for Salmonella enumeration.
Under greenhouse conditions, avirulent S. Typhimurium strain 8243 was inoculated into chicken meat for all trials as described above and a multiple-dose bacteriophage treatment was investigated in spring season only. In this approach, the same bacteriophage cocktail was sprayed repeatedly on sampling d 2 and 4 to enhance the effectiveness of bacteriophage treatment. The changes of temperature and relative humidity in each trial under greenhouse conditions were recorded by a remote monitoring system (Argus Control System Ltd., White Rock, BC, Canada). Duplicate trials were conducted for all the settings in both laboratory and greenhouse conditions.
In order to determine if the Salmonella in contaminated chicken meat formed the biofilm on the stainless steel surface, S. Typhimurium strain 8243 was inoculated into the same ground chicken meat as described above and spread onto the surface of the same stainless steel tray. Sterile saline was used as blank control. After 6 h incubation under the same laboratory condition, the surface of stainless steel tray was rinsed with 200 mL sterile saline for 5 times to remove non-biofilm cells, allowed to air-dry and stained by crystal violet as described above. The stained biofilm within an area of 10 × 10 cm was swabbed in triplicates and then transferred into a sterile centrifuge tube containing 1 mL of 95% ethanol followed by vortex for 30 sec to elute the stained biofilm cells. The amount of formed biofilms was measured in a 96-well microplate as described above. The entire assay was performed in duplicate trials.
Statistical Analysis
Bacterial count data were converted to log 10 CFU per mL, g or cm 2 for statistical analysis. An analysis of variance (ANOVA) for a completely randomized design was conducted to determine if general differences existed between treatment means using the general linear model (GLM) procedure. Specific comparisons among different bacteriophage treatments were accomplished with Tukey's test. All statistical analyses were performed using JMP R 11.2.1 (SAS Institute, Cary, NC). Correlation Coefficient (r) numbers were generated using Microsoft 
RESULTS
Bacteriophages Characterized by Transmission Electron Microscopy
Transmission electron microscopy images showed that bacteriophage strains 1 PB and VCA1 have flexible non-contractile tails belonging to the family of Siphoviridae (Ackermann, 2011) . The presence of contractile tails for bacteriophage strains 29 and 52 indicated that they belong to the family of Myoviridae (Figure 1 ). The dimensions of the bacteriophage heads and tails were measured and showed that bacteriophage strains 29 and 52 have larger heads and shorter and wider tails (P < 0.05) as compared to the bacteriophage strains 1 PB and VCA1 (Table 2 ). All four bacteriophages are different strains as each of them displays a unique host range against selected Salmonella strains (Table 1) . 
Phage Treatment of Salmonella Biofilms Formed in 96-Well Microplate
A colorimetric method using 96-well microplate was employed to assess the biofilm-forming ability of Salmonella isolates and effectiveness of bacteriophage treatment on inhibiting biofilm formation and reducing pre-formed biofilm of Salmonella (Figure 2 ). Bacteriophage treatments (PT) of 6 bacteriophages with different titers (10 4 , 10 5 or 10 6 PFU/mL) caused inhibition of Salmonella biofilm formation by 86.1 to 90.0% and 72.6 to 77.3% against top 5 and 10 strong Salmonella biofilm formers, respectively ( Figure 2A ). Bacteriophage treatments against top 5 strong Salmonella biofilm formers were more effective than against top 10 strong Salmonella biofilm formers (P < 0.05). The highest inhibition of 90% was observed with PT at a titer of 10 6 PFU/mL against top 5 strong Salmonella biofilm formers, although there was no significant difference as compared to bacteriophage treatment with titers of 10 4 and 10 5 PFU/mL. For phage treatment against top 10 strong Salmonella biofilm formers, the highest inhibition of 77.3% was observed with PT at a titer of 10 5 PFU/mL, although there was no significant difference as compared to bacteriophage treatment with titers of 10 4 and 10 6 PFU/mL. For reducing the pre-formed biofilms, bacteriophage treatments of 6 bacteriophages with different titers (10 5 , 10 6 , 10 7 , or 10 8 PFU/mL) reduced pre-formed biofilms of selected top 5 and 10 strong biofilm formers strains and Typhimurium strain 8243 of Salmonella by 22.0 to 60.2%, 28.5 to 62.1% and 20.0 to 65.9%, respectively ( Figure 2B ). The highest reduction of 65.9% was observed with PT at a titer of 10 8 PFU/mL against S. Typhimurium strain 8243 and a dose-response effect was also observed among different titers.
Phage Treatment of Salmonella Attached to the Stainless Steel Surface under Laboratory Conditions
In the control groups of bacteriophage treatments against 10 selected Salmonella isolates and S. Typhimurium strain 8243, populations of Salmonella attached to the surface of stainless steel increased by 0.53 (71%) and 0.84 (86%) log CFU/cm 2 , respectively, within first 6 h after removing chicken meat ( Figure 3A and B), and both slightly increased again by 2 d followed by a steady reduction to d 7. In the treatment groups, the populations of 10 selected Salmonella isolates and S. Typhimurium strain 8243 attachment/slightly formed biofilms had quick drops of 0.62 (76%) and 0.66 (78%) log CFU/cm 2 , respectively, in first 6 h and both started to decrease steadily to d 7. The highest reductions of 10 selected Salmonella isolates and S. Typhimurium strain 8243 of ca. 2.93 (99.88%) and 3.0 (99.9%) log CFU/cm 2 were observed on d 7, respectively, as compared with the controls.
We also determined if Salmonella formed biofilm during those 6 h incubation with contaminated chicken meat on the stainless steel surfaces. The amount of formed Salmonella biofilms resulted in an average OD value of 0.40 ± 0.02, which was significantly higher (P < 0.05) than the control (average OD value of 0.14 ± 0.003). Clearly, the biofilm was formed on the surfaces during the 6 h incubation time at room temperature.
(A) (B)
Figure 3. A-B: Bacteriophage treatment (titer of ca. 10 9 PFU/mL) of Salmonella biofilm/attachment formed by top 10 strong Salmonella biofilm formers (A) and S. Typhimurium strain 8243 (B) on stainless steel surface under laboratory conditions. Symbols " " and " " represent Salmonella populations in control and bacteriophage treatment, respectively. The error bars represented standard error of each data point from the average of duplicate trials. Dotted line represents the detection limit of 0.4 log CFU/cm 2 .
Phage Treatment of Salmonella Attached to the Stainless Steel Surface under Greenhouse Conditions
Bacteriophage treatment was conducted in a greenhouse to simulate conditions in rendering processing environment as the temperature and relative humidity fluctuate throughout a day and in different seasons.
In summer trial, average temperature through 24 h per d and 7 d ranged from 24.7 to 31.3
• C and 27.9 to 28.7
• C, respectively, and average relative humidity through 24 h per d and 7 d ranged from 55.4 to 77.3% and 65.2 to 70.3%, respectively ( Figure 4A ). Population of S. Typhimurium strain 8243 attached to the surface of stainless steel increased by 1 log CFU/cm 2 (90%) in first 6 h after removing the chicken meat ( Figure 5A ), and slightly decreased by 4 d followed by a rapid drop on d 7. In bacteriophage treatment group, the population of Salmonella attachment/slightly formed biofilm started to decrease steadily from the beginning. As compared with the control, the highest reduction of ca. 3.4 log CFU/cm 2 (99.96%) was observed on d 7 resulting in a population below detection limit of 0.4 log CFU/cm 2 . There was only one positive result from duplicate enriched samples taken on d 7.
In fall/winter trial, average temperature through 24 h per d and 7 d ranged from 18.7 to 26.9
• C and 19.3 to 21.3
• C, respectively, and average relative humidity through 24 h per d and 7 d ranged from 24.3 to 32.6% and 16.1 to 48.3%, respectively ( Figure 4B ). Population of Salmonella attached to the surface of stainless steel increased by 0.35 log CFU/cm 2 (55%) within first 6 h after removing chicken meat ( Figure 5B ), and slightly decreased by 4 d followed by a rapid drop on d 7. For bacteriophage treatment, the population of Salmonella attachment/slightly formed biofilm had a quick drop of 0.97 log CFU/cm 2 (89%) in first 6 h and started to decrease steadily to d 7. The highest reduction of ca. 1.44 log CFU/cm 2 (96.4%) was observed on d 7 as compared with control.
In spring trial, average temperature through 24 h per d and 7 d ranged from 18.8 to 29.0
• C and 20.0-23.5
• C, respectively, and average relative humidity through 24 h per d and 7 d ranged from 19.5 to 36.2% and 16.6 to 36.4%, respectively ( Figure 4C ). Population of Salmonella attached to the surface of stainless steel (control) increased by 0.51 log CFU/cm 2 (69.1%) within first 6 h after removing chicken meat 9 PFU/mL) of S. Typhimurium strain 8243 biofilm/attachment formed on stainless steel surface in summer (A), fall/winter (B) and spring (C) seasons under greenhouse conditions. Arrows indicate additional doses of bacteriophage treatment. Symbols " ", " " and " " represent Salmonella populations in control, bacteriophage treatment, and multiple-dose bacteriophage treatment (spring trial only), respectively. The error bars represented standard error of each data point from the average of duplicate trials. Dotted line represents the detection limit of 0.4 log CFU/cm 2 .
( Figure 5C ), and slightly decreased by 2 d followed by a steady reduction to d 7. For bacteriophage treatment, the population of Salmonella attachment/slightly formed biofilm had a quick drop of 1.48 log CFU/cm 2 (96.7%) in first 6 h and started to decrease steadily to d 7. The highest reduction of ca. 3.0 log CFU/cm 2 (99.9%) was observed on d 7 as compared with the control. For the multiple-dose bacteriophage treatment, there was no significant improvement (P > 0.05) of Salmonella reduction observed in spring season (Figure 5C ). Overall, our bacteriophage treatment reduced 1.44 to 3.4 log CFU/cm 2 (96.4 to 99.96%) of Salmonella attachment/slightly formed biofilms on the surface of stainless steel with the effectiveness depending on the seasonality.
DISCUSSION
The effectiveness of bacteriophage treatment can be affected by the ratio of bacteriophage titer to bacterial inoculum also known as multiplicity of infection (MOI), susceptibility of bacterial strains and initial inoculum level. For example, McLaughlin (2007) found that the bacteriophage treatment (10 6 PFU/mL) was able to inhibit the growth of host Salmonella strain with a high initial concentration of 10 5 CFU/mL at 37
• C within 35 h, but not the biofilms formed by alternative-host Salmonella strains with a lower initial concentration of 10 3 CFU/mL. In another study performed by Ahn et al. (2013) , bacteriophage treatment (10 4 PFU/mL) could suppress the biofilm formation of S. Typhimurium (10 4 CFU/mL initial inoculum) below the detection limit (1 log CFU/mL) at 37
• C for 24 h, but the population of Salmonella biofilm formed with higher initial inoculum (10 7 CFU/mL) remained at 5 log CFU/mL regardless of the titer of bacteriophage treatment. Furthermore, lower effectiveness of bacteriophage treatment against pre-formed Salmonella biofilms was observed in all titers and strains as compared to the test of inhibiting biofilm formation. This could be explained by the complex structure of preformed biofilms that obstacle the bacteriophage treatment through multiple ways such as physical barrier, increased number of insensitive cells and decreased metabolic rate of biofilm cells. Similar results were also reported by Kelly et al. (2011) , who found the bacteriophage treatment was able to prevent biofilm formation of Staphylococcus aureus for 48 h; however, the same bacteriophage treatment could not significantly reduce the pre-formed biofilm until 72 h.
Many factors may influence the formation of Salmonella attachment/biofilm, such as temperature, oxygen level, dynamic conditions and etc. Salmonella is more likely to form biofilms at 30
• C, micro-aerophilic or anaerobic, weakly acidic and limited-nutrient environment (Stepanovic et al., 2003; Speranza et al., 2011) , which can be found in rendering/processing environments with temperature ranging 20 to 35
• C through different seasons. According to the results from our greenhouse study, temperature has been identified as an important factor that influences the formation of bacterial attachment/biofilm and eventually affects the effectiveness of bacteriophage treatment (r = 0.8), whereas less the influence of relative humidity was observed (r = 0.6). The average temperatures through 7 d were approximately 28.2, 20.7, and 22.3 • C in summer, fall/winter and spring trials, respectively. For bacteriophage treatment, the highest reduction was observed in summer trial followed by spring trial, and fall/winter trial had lowest reduction. These results indicated that lower temperatures slowed the metabolic rate of Salmonella attached on stainless steel surface, resulting in a slower bacteriophage replication and decreased effectiveness of bacteriophage treatment. Similar results were reported by Viazis et al. (2011) who found that bacteriophage treatment (10 6 PFU/surface) could reduce the E. coli O157:H7 contamination (10 4 CFU/surface) on stainless steel surface below the detection limit (10 CFU/surface) at 37
• C in 10 min, whereas it took more than 1 h for the same bacteriophage treatment to make the same reduction at 23
• C. Similar findings were reported by Viazis et al. (2015) . In their study, with bacteriophage treatment (10 6 PFU/surface), D-value of E. coli O157:H7 (10 4 CFU/surface) on stainless steel surface was 3.9 min at 37
• C as compared with 46.7 min at 12
• C. The roughness of a surface has also been considered to affect biofilm formation for Salmonella in food processing plant (Chia et al., 2009; O'Leary et al., 2012) . Furthermore, resident microflora including a variety of microorganisms on the surfaces are able to form multiple-species biofilm with Salmonella and provide the protection for Salmonella growth and biofilm formation in a meat processing environment (Habimana et al., 2010) .
As a novel method to control attachment/biofilm formed by pathogenic bacteria such as E. coli O157:H7, L. monocytogenes and Salmonella, bacteriophages have been used in many fields including clinical therapy, safety control of food and feed industry resulting in reductions of pathogenic bacteria ranging 46 to 99.997% (Patel et al., 2011; Chaitiemwong et al., 2014; Chandra et al., 2015) . For example, Woolston et al. (2013) successfully applied two commercial bacteriophage cocktail products SalmoFresh TM and SalmoLyse TM (10 7 PFU/surface) to reduce the Salmonella attachment (10 6 CFU/surface) on stainless steel by 4.3 (99.995%) and 4.1 (99.99%) log CFU/surface at room temperature in 5 min under laboratory conditions. Similar to our study, Chaitiemwong et al. (2014) used food residue suspension to simulate real-conditions in food processing plants when they applied bacteriophage treatment (10 9 PFU/mL) to reduce L. monocytogenes biofilm (10 6 CFU/mL) formed on stainless steel surface. They observed a biofilm reduction of 3.5 log CFU/mL in 30 min, which showed a better antimicrobial effect as compared with chemical disinfectants. Patel et al. (2011) used spinach extract in their study when they applied bacteriophage treatment (10 8 PFU/surface) to reduce E. coli O157:H7 contamination on spinach harvester blade and observed a reduction of 4.5 log CFU/surface on blades after 2 h of bacteriophage treatment at 22
• C. As compared to above studies with high reductions of bacterial contaminations, reduced effectiveness of bacteriophage treatments was observed in some greenhouse studies on reducing bacterial spot of plant pathogens. For example, Balogh et al. (2003; observed approximately 59% and 30 to 62% reductions in disease severity when bacteriophage treatment (titer of 10 9 PFU/mL) was used to control bacterial spot on citrus and tomato, respectively. Flaherty et al. (2000; also conducted bacteriophage treatment (10 8 PFU/mL) under greenhouse conditions for reducing bacterial spot and observed 84 to 98% and 69 to 85% reductions of disease incidence on tomato and geranium, respectively, even though protective formulations mainly containing skim milk, sugar, and flour have been employed to increase longevity of bacteriophage treatment on the plants (Balogh et al., 2010) . Although there were lower reductions of Salmonella contamination in our greenhouse study as compared to the studies conducted by Patel et al. (2011) and Woolston et al. (2013) , unlike their laboratory settings, the greenhouse trials were affected by many other factors such as UV exposure, temperature, and relative humidity fluctuation. Therefore, these results highlighted the importance of employing the greenhouse conditions to evaluate the effectiveness of bacteriophage treatment observed in the lab setting.
In the processes of biofilm formation, attachment is the initial step for bacteria to colonize a new surface through bacterial mobility or gravitational transportation (Sery et al., 2013) . In this step, irreversible adhesion of bacterial population has not been formed and bacterial cells may detach from the surface and return to planktonic lifestyle. Therefore, applying bacteriophages during the bacterial attachment is more efficient than on fully developed biofilms in which multiplelayer complex structure has formed to resist the bacteriophage attack (Azerdo and Sutherland, 2008) . In our study, significantly higher reductions of Salmonella attachment treated by bacteriophage cocktail were observed under both laboratory and greenhouse conditions (Figures 3 and 5) as compared to the pre-formed Salmonella biofilms ( Figure 2B ). Sharma et al. (2005) reported the similar findings when they applied bacteriophage for reducing E. coli O157:H7 attachment and biofilms on stainless steel surface. They observed a reduction of 1.2 log CFU/coupon in the bacteriophage treatment against bacterial attachment; however, the same bacteriophage treatment could not significantly reduce the pre-formed biofilms under the same conditions. Another efficient way is to prevent the biofilm formation during bacterial planktonic phase since the high efficiency of bacteriophage treatment on planktonic cells has been demonstrated in previous studies (Kinley, 2009; Heringa et al., 2010) . In our study, bacteriophage treatment was able to prevent biofilm formation up to 90% for 48 h in a 96-well microplate assay (Figure 2A ), although the bacteriophage resistant mutants usually occurred after 12 h incubation at 30
• C and formed bacteriophage insensitive biofilms at 48 h. Therefore, it was not surprised that lower reductions (20-65.9%) of pre-formed Salmonella biofilm were observed in the 96-well microplate treated with the same bacteriophage cocktail ( Figure 2B ). Furthermore, similar reductions were observed in both bacteriophage treatments against S. Typhimurium strain 8243 and 10 selected Salmonella isolates (Figure 3 ). This suggested that the avirulent S. Typhimurium strain 8243 may represent the strong biofilm formers of Salmonella isolated from rendering processing plants, and therefore was employed in the greenhouse study.
In conclusion, our study applied bacteriophages to treat Salmonella attachment and biofilms on hard surfaces under laboratory and greenhouse conditions. Bacteriophage treatment was able to inhibit up to 90% of biofilm formation and reduce up to 65.9% pre-formed biofilm of strong Salmonella biofilm formers isolated from rendering processing environment at 30
• C for 48 h in 96-well microplate. Also, the bacteriophage treatment could reduce up to 99.9% of Salmonella attached to stainless steel surface under laboratory conditions and up to 99.96% of Salmonella attached to stainless steel surface in a greenhouse simulating real-world conditions in rendering plants, although the effectiveness of bacteriophage treatment was affected by temperature and relative humidity fluctuations in different seasons. Our results suggest the use of bacteriophages on the surfaces in rendering plants may have merits in reducing the likelihood of finished rendered products being re-contaminated with Salmonella. Nevertheless, some further studies such as optimizing bacteriophage cocktail to be effective for more strong Salmonella biofilm formers and bacteriophage resistant mutants and applying bacteriophage treatment under the conditions with broader temperature and humidity ranges are necessary before the bacteriophage treatment can be employed as a high effective method for disinfecting Salmonella attachment and biofilms in rendering processing environment.
